This paper deals with the design, simulation and control of a new lightweight hybrid Mock-Loop (MCL) concept. The proof of concept is evaluated by two simulation approaches. First, the design parameters are chosen by an optimal control problem. Second, a cascading controller structure is evaluated in a simulation. Both show that with a suitable range of the design parameter the new lightweight concept can be used as a MCL. To validate these findings, further investigations with the MCL under realistic test conditions are required.
Introduction
The Institute of Automatic Control at RWTH Aachen University develops new control strategies for Left Ventricular Assist Devices (LVAD) to improve the therapy for patients with suffering endstage heart failure. Before these algorithms can be deployed in-vivo it is desirable to examine them in-vitro. For this purpose, a lightweight hybrid Mock-Loop (MCL) is designed. The concept aims to support the development process and evaluation of LVAD control strategies. Hardware-in-theloop (HIL) concepts of MCLs use existing numerical models of the cardiovascular system to calculate flow rates and pressures for different scenarios [1] . HIL concepts are already state of the art in the development process of LVADs and vary in use cases and design depending on their purpose ( [1] , [2] , [3] , [4] , [5] , [6] , [7] ). The newly developed concept is a combination of several existing approaches. According to [2] , hybrid pressure chambers filled with fluid and air are used. Instead of a pneumatic system, gear pumps are used to apply desired pressures (and the amount of air is constant). Existing concepts use gear pumps regulating fluid flows to apply certain pressures but for systems without air [6] . Other approaches use the gear pumps only for circulation flow while high dynamic coils apply a pressure on the fluid [7] . Proportional pneumatic valves like they are used in [2] have hysteresis and a high pressure depended transmission behavior. Dynamic coils are expensive and difficult to drive. Accordingly, in the presented concept gear pumps are used due to their near proportional voltage to flow transmission behavior. Combining gear pumps with a hybrid fluid and air chamber promises advantages in controlling and simplification in electronics. Figure 1 shows the design in general. The LVAD is connected to two chambers representing the left ventricle and aortic pressure. Both hold a constant amount of air and for each a gear pump is used to change the fluid level and thus the pressure. A reservoir delivers the required amount of fluid.
The aims of this paper can be split into two separate parts. First suitable ranges for the gear pumps dynamics and the constant amount of air in the pressure chambers are examined in an optimal control problem. Second, a developed control approach is evaluated for the resulting system parameters of the optimal control problem. For both simulation studies upscaled in-vivo data of the left ventricle are used as reference. As the left ventricular pressure is dynamically more challenging compared to the aortic pressure, in this paper only the left ventricle is considered.
Simulation Model
In this section, the fundamental equations for the pressure cylinder and the gear pumps are presented. Those are used in the optimal control problem and control simulation.
The constant amount of air is modeled as ideal gas with the pressure , the volume , the temperature , and the uni-versal gas constant :
Air leakage as well as temperature changes of the air are neglected. Thus, the amount of air in the cylinder, the temperature and the ideal gas constant are defined as constants. Time derivating equation 1 will lead to:
The fluid is assumed to behave incompressible. Therefore the change of air volume˙is expressed as LVAD and gear pump flow:˙=˙−˙(
3)
The gear pumps flow for the left ventricle pressure cylindeṙ is defined as positive when pumping fluid from the reservoir to the cylinder. The LVAD generates a flow (˙) from the left ventricular to the aortic pressure chamber. Combining equation 2 and the integration of equation 3 leads to the following model for ventricular pressure variation˙with the unstressed air volume 0 :
The gear pumps are driven by a standard DC motor without speed control. As the fluid is considered incompressible, every turn of the motor moves the same amount of fluid. Thus, the flow rate is proportional to the rotational speed. The voltage to angular velocity transmission behaviour of the DC motor is approximated as first order system with the time constant proportional to the overall moment of intertia of motor and gears [7] [8] . Thus, the differential equation of the gear pump without pressure influence is evolved:
It depends on the input voltage , a voltage to flow constant and the yet unknown time constant of the gear pump. A higher pressure on one side of the pump generates a moment against or in direction of rotation. Thus, the angular velocity changes and the flow is reduced or increased, respectively. The impact of the pressure difference between the inlet and outlet pressure Δ = − on the gear pumps flow˙Δ is considered as a constant proportional factor :
Time derivating and rearranging equation 6 leads to:
As the atmospheric pressure is constant, the derivative of Δ is equal to the derivative of the pressures in the cylinder: Δ˙=˙. For the final transmission model of the gear pumps, equation 8 and equation 9 are put into equation 5.
In this paper the dynamic pump constants of a MARCO UP2-P pump are investigated. Therefore, the pump was excited with voltage steps of 6 V, 12 V, 18 V and 24 V whereas the maximum voltage is limited to 24 V. The resulting flows were analysed with Mathworks Matlabs System Identification Toolbox. The toolbox fitted the constants and to the first order lag element (equation 5). The pressure constant is picked from the pumps datasheet [10] . This results in an identified gear pump with = 0.3583 L min −1 V −1 , = 0.1538 s and = 2.3 L min −1 bar −1 . The following simulation studies will only refer to this identified gear pump. Instead of randomly changing the gear pumps parameters, the amount of parallel UP2-P pumps for one pressure cylinder is increased. With more parallel pumps the dynamic is increased.
Optimal Control Problem
The aim of an optimal control problem is to identify the optimal input trajectory (over a defined time horizon) for a certain desired output reference trajectory. In this work the input corresponds to the voltage exciting the gear pumps and the output is the pressure in the left ventricular pressure chamber. The optimization goal is to follow the pressure reference as effectively as possible and thus, deviations from the reference are penalized quadratic in the optimization cost function. The problem is constrained as the maximum voltage applied to the gear pumps should not exceed an upper boundary defined by the manufacturer.
The problem is set up in Mathworks Matlab by using CasADI [9] . The non-linear programming problem is created by using a direct multiple shooting approach. The integration is done by using a forth order runge kutta procedure. The resulting non-linear initial value problems are solved using the IPOPT interior point method [12] . The problem is solved for wide range of the constant amount of air and one up to four parallel identified pumps to find a suitable range for both parameters.
For the controller the LVAD flow acts as a disturbance. Typically, a cardiovascular model is used to generate closedloop reference trajectories for the MCL pressures. As the aim of this work is to proof the newly developed concept, in-vivo trajectories from animal trials are used. The LVAD is driven at constant speed and the complete hardware set up is described in [11] . The recorded trajectories are upscaled to represent a worst case scenario. A two second section of the in-vivo trajectories was chosen to be the reference for the optimal control problem. The section is sampled with 200 Hz. Two different LVAD scenarios are evaluated. In the first scenario the scaled in-vivo LVAD flow is used as reference, while in the second one a step from 0 L min −1 to 8 L min −1 is applied. The pressure reference is the same for both scenarios. Figure 2 shows the reference for both scenarios and the original unscaled invivo trajectories.
Results of the Optimal Control Problem
For each pressure trajectory the mean error is calculated. Figure 3a shows the mean error results of the first scenario for one up to four parallel pumps with the scaled in-vivo data as reference. Less amount of air in the system reduces the mean error significant. The error is further reduced if multiple parallel pumps are used. To reach a mean error of 0.01 mmHg a maximum of around 6 mL, 32 mL, 53 mL and 68 mL unstressed air are allowed to be in the cylinder for 1, 2, 3 and 4 parallel pumps. Figure 3c shows the resulting pressure trajectory for two parallel pumps and 5 mL, 30 mL, 50 mL and 100 mL unstressed air. As the air in the cylinder increases, the pressure trajectories over-and undershoot the reference. The difference in the pressure trajectories of 5 mL and 30 mL of unstressed air is nearly impossible to detect as both follow the reference very good. However the mean error for 5 mL is approximately 10 times lower (0.000 56 mmHg and 0.0058 mmHg). Figure 3b shows the mean error result of the second scenario. The results show that the step in LVAD flow cannot be compensated by the gear pumps. When there is very few air in the chamber the step has a larger impact on the pressure trajectory, which results in a higher mean error. An increasing amount of air dampens the step input, but results in overall worse pressure trajectories. The minimum mean error is obtained. The position of the minimum slides slightly to higher air volume with more parallel pumps. Figure 3c shows the resulting pressure trajectories for two parallel pumps and 5 mL, 30 mL, 50 mL and 100 mL unstressed air. For the case of 5 mL of unstressed air the pressure peak at the LVAD step is by far the largest. 30 mL, 50 mL and 100 mL of unstressed air lead to nearly identical overshoots but with improved reference tracking as the air volume decreases. Regarding both scenarios, at least two parallel pumps are required to follow the given pressure trajectories. The constant amount of unstressed air should be in a range of 30 mL to 50 mL with a slightly better pressure tracking for the chamber with 30 mL and a slightly better damping for 50 mL of unstressed air.
Controller Simulation
The two pressure cylinders are controlled with a cascading controller structure including LVAD feed-forward control. A PID pressure controller delivers the reference values for a subordinate PI flow controller. The controllers are used in a discrete time parallel set-up with a sample rate of 1000 Hz. The PID pressure controller gains are chosen to (bar to L min −1 ):
= 300, = 8 and = 2. The PI flow controller gains are chosen to (L min −1 to V): = 150 and = 6.
The controller performance is evaluated in Mathworks Matlab Simulink. The pressure and LVAD references are ob- tained from the first scenario of the optimal control problem. A set up with two parallel pumps and the identified dynamic parameters is used. 40 mL of unstressed air are chosen as a good trade off between performance and damping. Figure 4 shows the results for both controllers. The pressure controller shows good tracking performance after the transients decayed. During the first 0.25 s the pressure trajectory is not able to follow the reference, as the gear pumps outputs 0 L min −1 , while the LVAD flow is 6 L min −1 . If high dynamic positive pressure changes occur in the reference, the system lags slightly behind as the outgoing LVAD flow has to be compensated. At negative pressure changes the problem does not appear, because the LVAD flow decreases the fluid level and the negative pressure change is supported. The same characteristic can be viewed in the subordinate flow controller. At positive pressure changes the reference cannot be followed, due to the limitation of the gear pumps dynamic and voltage. Nevertheless, the overall performance is sufficiently good for the development process of LVAD as long as the LVAD dynamics is not higher than the combined gear pumps dynamics.
Conclusion
The results demonstrate that the concept works in principle for the left ventricular pressure cylinder. The optimal control problem delivers a suitable range for the amount of air in the cylinder in combination with a number of parallel identified gear pumps. Two parallel pumps and 40 mL of unstressed air are used in the controller simulation. The results show good tracking performance for a scaled left ventricle in-vivo trajectory as long as the LVAD is not used in a high dynamic range. To validate these findings, further investigations with the MCL under realistic test conditions are required.
